Th e drop let tec hniqu e wa s used to o btain es tim a tes of th e isoth e rm a l ra te of hom oge neo us cr yst al nu c leation in hi ghl y s upe rc oo led m e lts of 8 c ha racte rize d fraction s of lin ear po lye th yle ne (we ight a ve rage molec ular weights from 3,100 to 249 ,000). Th e da ta obta in e d from th ese e xpe rim e nt s we re a na lyzed in acco rd with c urre nt th eori es of hom oge neou s nu cl eatio n of c ha in folded c r ys ta ls . Valu es fo r th e quantity a 2 a ", wh e re U a nd U e are th e la tc ra l a nd e nd· s urfa ce free e ne rgies of th e c rys ta l, were es tim a ted a s a fun c ti o n of mo lec ular we ig ht.
Introduction
For more than a decade th ere has bee n co nsid era ble interest in de te rminin g th e magnitude of th e lateral , (J , and e nd, (J e , s urface free e ne rgies for chain-folded polym er crystals. Measurements of sph e rulitic growth rates as a fun ction of tem pe rature provid e values for the produ c t, (J(J e , at te mperatures near the melting point of the polymer. Studies of homogeneous nucleation provid e importa nt additional information concerning the s urface free e nergies becau se the process depends on th e produ ct, (J2(J e , a t te mperatures well below those accessible for growth s tudies. The te mpe rature depe nd e nce of (J e has been estimated [1] 1 from growth st udi es a nd the te mperature depe ndence of (J can be es tim ated from th e present homoge neous nucleation rate studi es.
The origi nal homogeneo us nucleation rate s tudi es for polyethyle ne were performed by Cormia , Pri ce . and Turnbull, (CPT) [2] in 1962. Th e technique e mployed to s uppress the effect of heteroge neities was I Fi gures in bracket s ind ic at e th e lit e rature referen ces a l th e end of thi s paper. th a t first used by Vonn egut [3] , na mely th e bulk sample was s ubdivided into s mall droplets so th a t th e heteroge neities were confin ed to a portion of th e drople ts, the remainin g droplets being free to nucleate at rates governed by th e molec ular c haracteri sti cs of th e sample. CPT studied an unfractionated polye thyle ne sample (Marl ex-50) 2 usin g a slow coolin g techniqu e. In 1967, Gornick, Ross, and Frolen (GRF) [4] re peated the nucleation studies on Marlex 50 und er isoth er mal conditions, using essentially the sa me drople t pre paration technique as CPT. In a later pape r (1969) by Hoffman et al. [5] the nucleation studies on a fairl y narrow fraction of polyethylene havin g a M w= 50 ,000 were re ported. Th e results of all three studi es were quite similar whe n calculated on th e same basis, i.e., usin g th e same meltin g point. In addition, in thi s later paper [5] , the effect of a temperature dependence of th e surface free e nergies was first explored.
In the prese nt work, eight narrow molec ular weight di s tribution lin ear polyethylene fractions were inves ti- '2 Cert ain trad e na mes a nd co mpan y na me s a rc me ntion ed in this pa per in o rd er to ad e qu ately s peci fy th e e xpe rim e ntal procedure. In no case does s uc h identifi c atio n imply recommendation or e nd orseme nt by th e Nati onal Burea u of S tandards , nor does it impl y Iha l the product id e nt ified is necessaril y th e bes t ava il ab le for t he purpose. gated using improved techniques for sample preparation. The goals of this study were threefold: (1) To determine the effects of molecular weight on the product, 0"20"e, (2) To estimate the temperature dependence of 0" and, (3) To investigate the effect of the temperature dependencies of 0" and O"e on the absolute nucleation rate constant, 10 •
Theory
Each determination of isothermal nucleation frequency was obtained by counting spots (i.e., crystallized frozen polethylene droplets) on successive frames of film exposed at known time intervals as discussed in section 3 of this paper. The nucleation rate, I, (nuclei cm-3 s-1 ) is related to the observed frequency of droplet freezing by the relationship, n/no= :! NIJ exp(-KlJt) (1) v=o where K/J = vf)1 and v[) is the volume of a droplet of diameter D. Since for each fraction of polyethylene, the droplets which are in the homogeneous population have a constant diameter within our ability to measure (i.e., ±0.3 /Lm), the summation sign can be removed, resulting in the following expression:
n/no= exp (-Ivt) . (2) The ratio (n/no) is the fraction of droplets of volume v, remaining unfrozen at time, t; no is the total number of droplets which undergo the homogeneous nucleation act (population A) in any isothermal experiment. A plot of In(n/no) versus time, t, results in a straight line having a slope of Iv. Since we can measure the value of v, the value of I for each isothermal experiment can be calculated.
The temperature dependence of I is reflected in the following generalized relationship for homogeneous nucleation [6] :
where i1¢* is defined as the free energy change accompanying the formation of a nucleus of critical size. Following Fisher and Turnbull [7] , we approximate 10' by and Tg is the glass transitIOn temperature for the polymer. Now, combining eqs (3) , (4) , and (5), we have:
1=/0 exp [-U*/R(T-LJ] exp (-i1¢*/kT). (7)
Lauritzen and Hoffman [8] have shown that, (8) where 0" and O"e are respectively the lateral and end surface free energies of the nucleus and -(i1/) is the thermodynamic driving force for the crystallization process. The factor 30.2 is obtained when one assumes that the homogeneous nucleus builds upon the orthorhombic unit cell. Hoffman and Weeks [91 have shown
where f is the correction term to the free energy and is equal to (2T/TIII + T). The correction factor,f, becomes increasingly important at high undercoolings. Till is the equilibrium melting point, T is the experimental temperature and i1T= is the heat of fusion per unit volume of crystal.
Combining eqs (7), (8) , and (9) we obtain the following relationship
exp [-30.20"20"en,/k 
Equation (10) assumes that the surface free energies, 0" and O"e, are temperature independent. However, Hoffman, et a1. [5] have shown that it is more reasonable to assume that 0" and 0" e vary with temperature and they suggested a dependence of the form
and (12) where O"e(O is the kinetic value of the fold surface free energy [10] . Incorporating the temperature dependencies into eq (10), we then obtain the general nucleation relationship
where i1F* is the activation energy for transport of the crystallizing molecules. Applying the reasoning of Hoffman et al. [5] , we define
where T,,, is defined as:
J2T(i1T)2 (13) According to Fisher and Turnbull [7] , 10 can be defined in the following way, (14) where N is Avogadro's number and VIII (for polymers) is the molar volume of a sequence of chain segments whose length . js approximately that of the crystal nucle us. (kT/ h) is th e us ual frequency factor wh ere k is Boltzman's constant, T the_ temperature, and h is Planck's co nstant. Assuming VIII is eq ual to 140 times th e molar volum e of a s ingle -CHz -group , To can be calculated and has a num erical value of approximately 1 X 10 34 . It should be pointed out at this tim e that th e th eo re tical value of To differs from th e expe rim e ntally determined To by a factor of approximately 1 X 10 1z • Thi s discrepancy will be di c ussed in detail in the final section of thi s paper.
10= (N!VIII) (kT/h)
A careful analysis [1] of the crystal growth data for a number of polymers which crystallize by c hain fold· ing showed that the best value for U* is about 1500 cal/moL :t and T",= Tg -30 °C, where Ty is the glass transition te m perature. We assume these values for polyethylene. In addition for th e particular case of polyethylene it was es timated that (J'e(lc) . and y were 93 4 ergs/ cm~ and 0.014 deg -I respectively. The only other factor to be determined is the value of x and that can be establi s hed approximately with th e homogeneo us nucleation rate data. Lauritzen [lll has de· veloped a th eory for the behavior of (J' based on a model where the presence of th e lateral polymer crystal s urface reduces the number of allowed con · fiO'urations of th e polymer molecule in th e subcooled li~uid adjacent to th e crys tal s urface. In thi s treatme nt an en tropy gradient exist s in th e s urface zone whose magnitude increases with increasing temperature. Under th ese circ umstances, one would expect (J' to increase with in creasing temperature and co nseq ue ntly would expect x to be negative and considerably smaller than unity. The actual values determined for x will be discussed in detail in section 4 of this paper.
Experimental Detail
The nucleation behavior of eight fracti ons of lin ear polythylene was studied. Four of these (CE designa· tion) were fractions from Marlex-50 , whi ch was ob· tained from th e Phillips Petroleum Company. Th e fractions were prepared using a column ex traction (CE) technique [12] with the solvent system de scrib ed by Chiang [13] . The other four were fractions of the National Bureau of Standards lin ear polye thyle ne sta ndard reference material, SRM 1475. These were fractioned by preparative gel permeation chromatog· raphy (GPC designation) . GPC was used to analyze all of the fraction s (table 1) using the column sys te m and technique described in [14] . GPC ins trum e ntal broadening effects were es timated by measurin g nearly pure samples of n -C3z H66 and n -C94HHIo for whi c h M w/MII was known to be about l.00. These samples gave Mw/MII == l.05 in th e GPC analytical apparatus.
Therefore, a correction of -0.05 was applied to th e original data for the fraction s characterized with the a nalytical GPC columns. In particular, the techniqu e used in the pre paration of sam pIes 9.70 and 11. 74 K was such that a true polydi s persity of about 1.01 to 1.02 was to be expected. (4) . Th e population. of droplets whi c h nu c leate~ homogeneous ly contained 50-200 droplets as compared to present methods which produce 600 -1000 dropl e ts III th e homogeneous populatIOn. Consequently. we feel that the res ult s found for th e ot her fractions are stati stically more reliable than th ose ob tain ed tor Marl ex-50 and CE-50.
h Calculated using: the equation r:" (00) (n -0.542) T7" n + 0.46{7. 667+ 1.987 In n + (5.6 /n) -(0.25n -7) [1 (T7,,/ T7,,(00 ))]} whe re n=M/l4.026 is the numbe r of ca rbon a toms in the polymer c hain. This equation wa s derived from Broadhurst's work (J. Res. NBS. 70A, 481 (19(, '; ) ), by setti ng T~, at II ..... 00 a t T~( (0) = 419.7· K = 146.5 0c.
(' Co rrected for in strulll c ntal broad e llln~ ei1 ects (see te xt). . " P(;PC = prepara tiv e ~el pe rill ea ti on c hrollla t o~rap h y; CE =co lumn elutio n.
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Droplet Preparation
In a crystallization process in the bulk there are two possible nucleation modes whereby a stable nucleus can be formed from the liquid phase. In heterogeneous nucleation the nucleus is formed on the surface of some extraneous solid existing in con tact with the liquid, or at a liquid-liquid or liquid-solid interface. Homoge neo us nucleation results from the spon taneous formation of a favorably oriented cluster of molecules (or a single molecule in the case of many polymers) without the aid of any substrate. Vonnegut [3] assumed that crystallization in bulk generally occurred by heterogeneous nucleation because of the large number of heterogenities per unit volume. However, he reasoned that by subdividing the bulk material into small particles, many of these particles would be free of heterogeneities (dirt). Therefore any nucleation occurring within such "clean" particles would occur via the homogeneous route. This is the rationale behind the droplet experiment.
Two ways for doing this subdivision are described in the literature. One method is to simply grind up the crystalline sample, using a grinder or blender. Th;" technique was used by Turnbull and Cormia [15] in their homogeneous nu c leation ex periments with linear hydrocarbons. The other technique is to dissolve the sample in a suitable solve nt , then to subdivide the solution into small portions, and s ubsequently to remove the solvent. Two different approaches have been used to ac hieve the latter. The first, described by Cormia, Price, and Turnbull (CPT) [2] , made use of the consolute temperature portion of the polye thylen enitrobenzene phase relationship. If a solution of polyethylene in nitrobenzene is first heated to the boiling point of nitrobenzene and then allowed to cool, a new polyethylene-enriched liquid phase is produced. This new phase occurs as liquid droplets, approximately 5 /-Lm in diameter: If the two-phase mixture is further cooled before the droplets of th e enriched phase coalesce, the polyethylene in the droplets crys tallizes , expelling the nitrobenzene and forming fairly uniform spheres approximately 1 to 2 /-Lm in diameter. These polyethylene spheres can be separated from the nitrobenzene by either centrifugation or filtration. These polyethylene spheres are subsequently dispersed in a suitable dispersive media.
The second method is that employed by Koutsky, Walton, and Baer (KWB) [16] . The cells used in these experiments were heated microscope slides havinl! shallow concavities containing silico ne oil (a nonsolvent) as a substrate. They sprayed a hot solution of polymer with atomizers onto the hot silicone oil substrate, volatilizing the solvent and leaving the finely divided polymer floating on or s li ghtly below the silicone oil surface. No glass cover was used so the polyethylene droplets remained dispersed at the oilair interface.
Sample Cleaning Techniques
The success of the homol!eneous nucleation experiments is dependent upon producing a large number of polyethyle ne droplets which nucleate homo geneously and whose volumes are nearly identical. The CPT method of particle preparation was the one used, both in our previous work (GRF) [4] , and the present studies. This method is only successful if all materials used are as free of extraneous matter as possible.
In order to render our starting solvents reasonably free of partic ulate matter, filtration, crystallization, distillation, and centrifugation were used. Starting materials were reage nt grade xylene and nitrobenzene. First, each of these solvents was twice filtered through regenerated cellulose filters using only gravity flow; we had previously found that the higher flow rates which could be achieved by applying pressure to the filtration system were much less effective. Secondly, subatmospheric pressure distillation was used, wherein only the "cente r c ut" was collected. This step was used both to chemically purify the solvent and to further reduce the concentration of particulates. After this treatment, analysis of both the nitrobenzene and xylene by gas-liquid chromatography indicated a purity in excess of 99.5 mol percent. _ Crystallization was then used, not with the idea of further chemically purifying the solvents, but rather, as a means of further reducing the particulate count. The solutions were cooled somewhat below their melting point , and crystallization was induced. D.uring this crystallization the solutions were vigorously stIrred, producing a slurry of small crystals. These crystals were then re moved from the remaining liquid by rapid filtration through a cooled filter. This crystallization process was performed twice , and analysis of both the nitrobenzene and xylene by light scattering indicated that suspended particulate matter was not present. This crystallization technique, sometimes referred to as "snowing out," is quite effective in that the suspended particles usually act as crystallization nuclei, and hence they are scavenged by th e crystals and are removed when the crystals and the remaining liquid are separated by filtration.
Originally we also e mployed ultracentrifugation, using only the middle portion of the solvent in the centrifuge tubes. Since subsequent experiments indicated that this technique did not seem to further reduce the parti culate concentration, ultracentrifugation was not used for xylene and nitrobenzene.
For the final dispersion of the polyethylene droplets we used isooctylphenoxy-poly(ethyleneoxy)ethanol, furnished by the General Aniline and Film Company under the trade name of IGEPAL CA -630, as a suspending medium. Both CPT and GRF have experimentally verified that liquid and solid polyethylene are insoluble in this material. The IGEPAL was cleaned using the vacuum distillation and filtration procedures described for xylene and nitrobenzene. However, since the IGEP AL could not be crystallized we continued the use of ultracentrifugation as a final step.
Preliminary cleaning of the polyethylene samples was accomplished by dissolving them in hot xylene and filtering through 0.2 mi crome ter pore size filters in a heated filter assembly. The polyethylene was then allowed to crystallize and was separated from th e xyle ne by filtration. Thi s process was re peated three tim es per sample .
Initially we were of the opinion that all of th e clea'1ing, pre paration , and fillin g of th e sa mple-co ntain ing cell should be done in clean -room faciliti es. In fact, while the procedures became much more diffic ult , no significant improveme nt was seen, and consequently we performed such experime ntal operations henceforth in a conventional laboratory area.
Sample Preparation
Each of the fraction s of polye thylene was handled in an identical fashion. A co nce ntrated solution of each was prepared by di ssolvin g th e pre viously cleaned fraction in hot, purifie d xyle ne. This solution was twi ce filtered throu gh th e 0.2 mi cro me ter cellulose filte rs, and a small portion was the n pou red into nitrob e nze ne preheated to approximately 200°C. Mo st of th e zy le ne immediately boiled away, leaving solutions co ntainin g approximately 30 mg of polye thyle ne per 200 ml of nitrobenze ne. Cas-liquid c hromatography indi cated that the a mount of xy le ne left in th e nitrob e nze ne solution was negligibl e.
With continuous s hakin g, th e fla s k co ntainin g thehot polyethyle ne-nitrobenzene so lution was imm ersed in tap water , ultimately produ cin g a dispe rs ion of frozen p olyethylene drople ts. Th e drople ts we re separated from th e nitrobe nze ne by fi lte rin g t hrou gh the cellulose fi lte rs. The nitrobenze ne filtrate was saved, and the process of drople t pre paration was repeated three tim es, eac h s ub seque nt tim e usin g th e same nitrob e nze ne. A s mall portion of th e drople ts collected in th e fourth preci pitation were redis persed in approximately 10 rnl of the cleaned ICEPAL. The dispe rsion was achieved by ultrasoni c agita ti on. One droplet of thi s di s persion was s ufficie nt to fill the cell use d for observation of homoge neo us nucleation.
Preparation and Cleaning of the Cell
The cell us ed to contain the di spersion was form ed by fusing a 0.2 mm thick glass washer with an inner diameter of 0.5 c m to an 18 m m square microscope cover glass. Th e sample was contained within the washer , and a di sc made from a cover glass was used as the top. Th e cell and its co ver were successively cleaned with chromic acid, di sti lled water, and ethanol. Prior to fi llin g, the cell was ultrasonically scrubbed in distilled water. In a previous paper (GRF) [4] , we described many treatments designed to change the nucleating effect of the glass surfaces of the cell, and came to the co nclu s ion that little improvement could be mad e over th e simple cleaning pro ce dure just described .
.5. Experimental Equipment
The disk-shaped cell containin g the sample was fitted into an enclosed temperature environment on 705 th e stage of a pola ri zin g mi c roscope. Thi temperature s tage was designed a nd cons tru cted by us and will be describ ed in a se parate publi cati on [17] . The cell te mperature can be maintain ed to within ± 0.02 °C for period s of wee ks, and the abso lute te mpera ture in the cell is known to within ± 0.1 0c. The te mperat ures are meas ured to ± 0.005 °C, and temperature differences be twee n a seri es of experim ents on the same sample a re accurate to ± 0.01 0C.
Th e opti cs of th e microsco pe we re s uc h that in a circ ular fi eld of 200 f.tm radiu s, a 0.5 f.tm object could be identified from the resulting p hotographs. The ex pe rim e nts a re co ndu cted using crossed polarizers, and , in th e liquid state, th e dropl ets are invisible. Upon freezing th ey appear as s mall stars against th e otherwi se dark background. A xenon li gh t source was used , and the sa mpl e was illumin ated only durin g the actual fi lm ex pos ure.
Automatic ti me-lapse cin emicrop hotography was use d to record th e nucl eation, us in g a 16-mm motion picture ca mera. The camera framing rate was adjusted to obtain between 200 and 2000 pi c tures during a single ex perim e nt , but usally on ly 20 pi ctures were used in th e ac tu al a na lysis.
.6 . Prelim ina ry Experiments
Pri or to th e fin al dispersion of th e droplets, a small sample of droplets from each fraction was examined using both elec tron a nd opti ca l mi c roscopy. The e lectron mi crograp hs were similar for all fractions, s howin g a few large diam e te r sphe roid s (diameters in excess of 20 f.tm ), with th e majority of the droplets hav in g di a me ters be twee n 2 and 1 f.tm. A peculiar c haracteri stic of th e dropl e t population was their occurr ence in cl usters, held togeth er by a thin, veil-like webbing (see fi g. l A) . W e assume that this webbing is pol yeth yle ne formed wh e n th e residual polyethyle ne in th e nitrobenzen e solution (not that in the concentrated droplet seco nd phase) preci pitates. When a dispersion is made of these droplets, the clusters are not co mpl ete ly broken up by mec hani cal agitation. Only ultraso ni c agitation seems effective (see figs. IB and IC). c.
FI GU RE 1. Photographs of typicaL PoLyethyLene dropLet popuLations.
(A) Electron mic rograp h of droplets as they are precipit a ted from nitrobenzene show in g size distribution an d veil as discussed in text ; (8) drople t population dispersed in Igepal usin g on ly mec hani cal (s hakin g) agitation; and (C) drop let population in Igepai using ultra· soni c dispersion. Note bette r uniformit y a nd small er droplet s ize.
The diameters of these spheres have been measured using two microscopical techniques. Using the optical microscope and a calibrated image-splitting device similar to that described by Dyson [18] , we found that each polyethylene fraction formed droplets such that in a population of 2000, over 1800 had apparent diameters between 2 and 1 /Lm. This is in agreement with the less extensive measurements made using electron microscopy. Unfortunately, as was elegantly de monstrated by Saylor [19] , it is extremely difficult to de termine the absolute size of small particles. In these experiments on homogeneous nucleation of droplets, the size of the droplet has a direct relationship to the nucleation frequency (usually expressed in nuclei cm-3 s -1 ). We have attempted to minimize the effect of this uncertainty in absolute droplet radius by: (1) observing the same droplet population for a series of experiments with each fraction, and (2) by using the image-s2litting device on each po~ulation to determine if there is a measurable difference between fractions. At best the apparent diameter can be determined to only ± 0.3 /Lm, and, we have found that all droplets assumed to be homogeneously nucleated in any given polyetnylene fraction have essentially the same ' diameter. Droplet size from fraction to fraction varies by no more than this same 0.3 /Lm limit. In general, it appears that the diameter of the droplet decreases slightly with increasing molecular weight.
Figure lA is an electron micrograph of a small number of droplets. Figure IB is an optical photomicrograph of droplets dispersed by mechanical stirring, and figure 1 C shows the effect of dispersion by ultrasonic agitation on the same sample.
The reason for using only the polyethylene droplets prepared from nitrobenzene used for three previous pre parations is shown in fig. 2 . Here each of the four droplet preparations was dispersed in IGEPAL and its freezing (nucleating) behavior was recorded. The droplet size does not change, but the nucleating be· havior changes dramatically. The first preparation produces droplets which freeze with relatively little supercooling. The succeeding preparations freeze at progressively lower temperatures , forming well-defined subgroupings in respect to temperature. After the fourth preparation little or no change is observed. This tendency of the droplets to freeze at certain temperatures, forming subpopulations of droplets, is a characteristic of all of the fractions, although each fraction is unique in its temperature profile. We only show the behavior for sample 23.0 K, but in this discussion we will refer to the subpopulation nucleating at the lowest temperature (usually around 85°C) as population A (this is assumed to be the homogeneous nucleation population), the next lowest in nucleating temperature (usually around 95°C) as B, and so on. In the particular case shown, population D would be those droplets which nucleate around 125°C. It is in this first freezing population that the larger droplets are invariably found. In the final preparations this population represents 10 percent or less of the total number of droplets. One interesting point of difference between the work of KWB [16] and our own work is that while we always observe a relatively large percentage of our droplet populations nucleating at temperatures around 95°C.
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KWB finds no droplets nucleating in this temperature region. A possible explanation for this marked difference in droplet behavior is to be found in the following melting and freezing experiments. One of the more interesting things which can be done is to compare the nucleating character of the droplet population with that of its melting character. Examples of this type of experiment are shown in figures 3 and 4. In figure 3 we have shown the nu- 
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FiGURE 3. Curve (a). Nucleation of polyethylene fraction 9.70 K (cooling rate=O.i °C/min.); Curve (b). Melting of the droplets whose crystallization profile is shown in curve (a) (warming rate 0.5 °C/min); Curve (c). The effect of annealing on the melting behavior of droplets whose crystallization profile is shown in curve (a).
The sample was heat ed to 115°C for 5 h th en to 120°C for 48 h. followed by warmin g at a co nstant rate of 0.5 °C/ min. cleating and melting curves of sample 9.70 K. The freezing (nucleating) curve shows only three populations (A, B, and C)_ The first melting curve was produced by warming the sample at a nearly constant rate starting from 80°C. The second melting curve was produced by first heating the sample at 115 °C for 5 h and then at 120°C for another 48 h, prior to warming at a nearly constant rate. In general, those droplets which froze at the lower temperature are the same as those which melted at the lower temperatures. This tendency is seen throughout the total droplet population. Thus, we note that in both melting experiments those droplets in population A melt first and melt over a much wider range of temperature than the other populations_ In addition, the annealing process produces melting of all droplets at higher temperatures_ Figure 4 shows that the same type of behavior is exhibited by sample 30.6 K. Here we show the freezing behavior of the droplet population when melted and heated to 150°C for approximately 10 min (the usual type of pretreatment prior to running an actual nucleation experiment). Approximately 50 percent of the total population is in the subpopulation A_ There are, in addition, at least three other populations_ The sample was then heated to 170°C for 2 h, and the experiment repeated. The results of freezing this sample are shown in the second freezing curve. There are two important differences_ (1) Some of the droplets formerly freezing at the higher temperatures now freeze at lower temperatures. (2) Population A is being depleted forming a new population B. While not 707 shown here, more prolonged heating at 170°C or higher will completely annihilate that population ori ginally called A. This is tru e for all of th e sam pIes which we have investigated. The melting c urve shown in figure 4 is that obtaine d from melting th e sample after the 170°C treatme nt. Again we s ee a differe nce between population A and the res t of th e drople t population. Qualitatively, with the possible exce ption of sample 3.2 K, all the samples behave similarly, namely that population A melts first and over a wid e r range of temperature , and that the e ntire drople t population shows the us ual effects of annealin g.
We are able to positively id entify individual dropl e ts as various me ltin g-free zin g c ycles are examin ed , excepting occasionall y a droplet seems to c han ge its position, i. e., on e droplet di sappears and a noth er appears near th e pos ition of the original on e. Wh e n this is observed, the "old" and the " new" droplets may chanp:e from population A to population B. Und er normal th ermal treatm ent only two or three dropl e ts will mak e thi s c han ge , but upon more se ve re th ermal conditionin g, many dropl e ts will go from po pulation A to B. From th e paper of KWB , we find th a t the top s urface of th e ir di s pe rsions are not in co ntact with glass , i. e., the cell s hav e no top or co ver.. T o a drople t 1 or 2 }-tm in diam eter , the s urface of th e gJass co ver mu s t appear to be far from s mooth . It is th erefore possible that our normal p opulati on B occ urs as a res ult of he te roge neou s nu clea tion by th e glass s urface of th e cov er , and that on occasion a drople t ma y move to a differe nt pos ition , eitller freein g itself fro m co ntact with th e glass s urface or beco min g att ac he d to it. Cons equ e ntly , we could e xpec t a large popul ati on ofB , wh ereas KWB s hould not ob serve th e phenome na.
Analysis of Data
From th e 200 to 2000 pi ctures ta ke n durin g a n isoth ermal expe rim ent, 20 pi ctures are se lec ted with a tim e interval su c h that the hom oge neo us po pula ti on (population A) is 80 perce nt froz e n in th e las t fram e. At the conclusion of each run the sample is cooled to 70°C so that all dropl e ts are froz en and the va lu e for noexp ' the total homogen eous popula!ion can be es tablished. Using the first pi cture as a blank , s ucceedin g pictures are compared on e by on e , givin g the number of newly crystallized droplets, nij , which appear durin g each time interval, t;. The next step in the analysi s is to plot th e data as In (n/ n oexp) against t [ (eq 2) in its logarith mic form]. This results in a linear plot havin g a slope equ al to Iv. Figure 5 shows this type of analysis for sample 30.6 K at several isothermaf temperatures_ Since the volum e, v , of the droplets is known , I, th e nucleati on rate can be .c alculated for each experim ental te mper ature T exll' no IS the total number of drople ts in th e homo geneou s population A, i.e., the numbe r of dropl e ts whi ch re main unfrozen at an arbitrarily chos en time , t; = 0 _ A lea st squares analysis of In (n ;/ no ), t; pairs was done by first for cin g the interce pt throu gh zero , usin g th e experimentally determin ed no. Sin ce the choice of t;=O is comple tely arbitrar y, the slope I v is calculated first using all 20 ni,t; pairs ; th e n the slope was rede te rmin ed usin g only th e first 10 pairs and then the last 10 pairs. If there a re no te mperature flu ctuations in the experiment, the three calcula ted slopes are ide ntical. Experiments not meeting this test were di scarded. The pur pos e of this test was onl y to show that the run was made under iso th e rm al co nditions; it tells nothin g in respect to the cons ta ncy of volume of th e droplet populatio n.
The a bsolute correlation coeffi cients for the least squ ares fittin g operations were of the order of 0. 998 or greater , indicating that t he droplet pop ulation was sta tistically we ll-behaved. Beca use the degree of correlation was so high it was possi ble to perfo rm a series of fittin g tests.
First we refitted the data using th e ge ner al rela· tions hip
In n/ no = a + bt (15) wherein the inter ce pt a was calculated. Without exception the calc ulated value of a was nearly equ al to zero .
The value, no , c an also be calculated. Using the abso· lute value of the correlation coefficie nt as the fittin g crite rion , we varied the value of no until we obtain e d the highest absolute value of the correlation coeffi cie nt , 708 using eq (15) . Fro m thi s we obtained calculated values of I v , no and a. . Thus, there are two final gates for establishin g internal experime ntal cons ist e ncy, n a mely that no exp should nearly equal nO eate a nd a should be nearly zero. If the calcula ted and e xperim e ntal values of no we re not nearly equ al, th ere would be strong e vidence to suspect the validity of o ur basic ass umption in regard to the constanc y of d ro plet volum e. As s tated previously, the average number of droplets in the homogeneo us population A was 600 and for all d ata used in thi s re port nO ea le differ e d from n.0 exp by no more than 2 percent and a differe d fro m zero by no more tha n ± 0.01 , (us ually a was mu c h s maller). It should be noted tha t the res ults r e ported for this c urre nt study are signifi cantly more precise than those r e ported pre viously [5] . The ac tual valu es for I re porte d in this paper are thos e o btain ed usin g no ea le , although th e res ults u sing no exp are not signifi cantly differe nt.
The sets of values of f s and 1"s obtained in the above manne r were n e xt an alyzed using eq (1 3) to de termin e th e values for the s urface-free f! n ergy product , U 2 (J"e. In our original paper (GRF) [4J we ass ume d that these free e ner gies were te mperature inde pende nt , i.e., in eq (1 3) x = y= o. As a first ste p we again analyzed th e data settin g x= y =O. The values for U 2 U e and 10 were determined by performing a leas t squares fit of
usin g a valu e for U* of 1500 cal/ mol. Plots of th ese fun ction s for all the samples studied are s hown in fi gure 6. Again we obtained values of ne arly one for the absolute correlation coe ffi cients. As in the pre vious work , th e valu es obtained for U 2 U e were reasonable but th e values for 10 differ ed from th e theore tical value, 1 X 10 3 \ by approximately 1 X 10 12 .
As discussed in sectio n 2 , it is rea sonable to assume that the surface-free ene rgies are te mperature de pe ndent; conseque ntly u sin g y= 0.014 as the best value from cr ystallization studies, we sought a best value for x . This was done by reanalyzing the data with y= 0.014. R em e mbering that x should be n egative and small , x was vari ed until the highest correlation coefficient was obtained. The value for x obtained in thit;
way was -0.002 . Using this value for x , the u 2 u e values were low, a nd th e value for 1o was even higher than before.
As a final ste p we assume d that the theore tical value for 1o might well be used as input information, and a value for x was det er m ine d by the fittin g operation. Since the value for x s hould be nearly the s ame , at least for the high er m olec ular weight fractions, the calc ulated values for x we re averaged and the value 12. ------.------,------.------, -------.------,------,------ . 3 obtained was x=-0.0073. As a res ult of the co mpe nsating effects of the small positive a nd negative te mperature depe nd e ncies of (Je and (J , th e values for a 2 (Je calc ulated in thi s way are nearly identi cal to the values obtained whe n x a nd yare set equal to zero, a nd th e value for 10 is very close to the theoreti cal valu e [1] .
Since other worke rs have also re porte d extrem ely high values of 10 , the discre pa ncy betwee n th eory and experime nt does not appear to be a question of input data, and the introduc tion of the proper te mperature de pendencies does see m to r esolve the proble m in a simple way.
S. Results and Discussion
The results of our expe rime nts for eight fractions of linear polyethyle ne are s umm arized in table 2. These samples can be divided into three molecular wei ght regions. Frac tion 3.2 K is little more than a c ollection of high molecular weight hydrocarbon s. Fractions 9.70 , 11. 74 , and 23 .0 K re present a region whe rein Tm is rapidl y changing with molec ular weight and (J 2a e is expected to s how stron g molec ular weight e ffects. The re mainin g samples are in a region where Till chan ges slowly and a 2 (Je should show little molecula r weight dependence [20] .
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F irst , le t us examine the unique results obtained for fraction 3.2 K. This sample is the first cut from the column elution of Marlex-50. As such it has a higher polydis pe rsity tlian any o' f the other fractions contains a much higher percentage of terminating end groups per -CH2 -unit and although it was carefully purified, significant a mounts of branched polymer, catalyst fragme nts, etc. , might well remain.
F or the moment , let us assume that homogeneous nucleation does occur in sample 3.2 K. The molecular weight of thi s sample is such th at one might expect a stable nucleus containing one fold and two cilia to form . This nucleus wo uld be expected to resemble an extended chain molecule more than a chain-folded nucleus. Ass umin g that one measures (J3 rather than a 2 (Je th e calc ulated value for a is 10.57 ergs/cm 2 which is in good agreement although slightly higher than the 9.6 ergs/c m 2 value obtained by Turnbull and Cormia [1 5] for the linear hydrocarbons in their homogeneous nucleation experiments.
Although the calculated value for (J appears to be reasona ble, there remains a question concerning the m echanis m of nucleation in this sample. There is some e vid e nce that the nucleation is heterogeneous rather than homogeneous. First . we note from table 2 that the lowest obtainable experim ental temperature range is 15 We believe that the nucleation of population B is via a glass surface·polymer interaction. First of all, KWB [16] , usin g no cover glass on their sample cell, do not obtain a B-type population. Second, if we subject our samples to harsh thermal treatment, there is an increase in population B at th e expense of the homogeneous population. The lower molecular weight, th ermally degraded sample has a lower viscosity than the original sample, consequently we postulate that th e polymer wets the glass surface and henceforth nucleates heterogeneously on the glass surface of cell cover.
We therefore conclude that it is likely that the measurements on 3.2 K are really the results of heterogeneous rather than homogeneous nucleation.
Excluding fraction 3.2 K, table 2 shows a continuing increase in both a 2 a e and lo g In as the weight average molecular weight increases. For samples 9.70, 11.74, and 23 .0 K one expects a 2 a e to increase rapidly due to a decrease in the number of cilia per chain fold as the molecular weight increases [20] . This effect should be of much less importance in the higher molecular weight fractions. There is still a slight upward trend in a 2 (J' e and 10 even in the highest molecular weight fractions but in view o(the experimental uncertainties the trend may not be statistically significant. One notes that the values of a 2 (J'e and In for fraction 49.9 K tend to be lower than those calculated for neighboring fractions. There are two reasons for this: (l) this fraction has a higher polydispersity than the other fractions, which may affect its nucleating character somewhat, and (2) this was the first fraction measured and the experimental techniques were greatly improved as the experiments progressed.
For the time being, if we regard (J'2(J' [20] . Hoffman et al. [1] have shown that from all the information available it is reasonably certain that (J' for polyethylene li es between 12 and 15 ergs/ cm 2.
The question of the experimental [2, 4] value of 10 is a more complicated one and does not appear to be a question of the input data. As discussed previously (sec. 4), it is reasonable to assume that both a and a e are temperature dependent. The assignment of y= 0.014 appears to be experimentally justified. If we assume that the theoretical value for 10 , (i.e., 10g1OIo= 34) and calculate a value for x we obtain an average value of -0.0073. Applying these temperature dependencies to a and (J' e we find that the average value of a 2 (J' e for the higher molecular weight fractions changes only slightly (to 19,800 erg 3 /cm 6 ) due to the compensating effects in the signs of the temperature corrections and lois the theoretical value. From these results we conclude that the theoretical value for 10 should be included as input data in the homogeneous nucleation studies on other polymers.
With the exception of sample 3.2 K , we are satisfied that the nucleation mechanism in the measured fractions is homogeneous. First, nucleation has not been observed in a lower temperature range; second, the nucleation of population A is truly sporadic in nature and finally, the values calculated for a using a 2 (J' e from these studies and the values for a(J' e from the growth studies lie in a reasonable range. Hoffman et al. [20] have estimated the best values of a and a e(oo) for polyethylene from several methods to be 14.2 ± 0.4 ergs/cm 2 and 90.5 ergs/cm 2 respectively. The values obtained from the homogeneous nucleation studies presented here (i.e. a= 14.8 ergs/ cm 2 and ae= 86.7 ergs/ cm 2 ) are in reasonable agreement.
